Abstract -Carioca beans are a highly nutritious grain, in terms of the amount of protein, iron and potassium as well as carbohydrates and fiber and as a source of vitamins. The moisture content of recently picked beans is too high for good preservation and storage, resulting in the need for drying before packaging. In this work, the drying of Carioca beans in a laboratory scale spouted bed under intermittent conditions of the drying air was experimentally analyzed. Experiments carried out consisted of two types of intermittent regime: intermittence in the spout regime, referred to as spouted/fixed bed and intermittence of the air supply to the bed, called spouted bed/rest. The results were compared to those for bean drying in a spouted bed dryer without intermittence.
INTRODUCTION
Seeds and grains, in general, are considered important products of high nutritious value. Phaseolus vulgaris L. is the most common variety of beans, being responsible for about 95% of the world production. It is a very important source of calories in the human diet, mainly in developing countries in tropical and subtropical regions. Phaseolus vulgaris L. beans of the carioca variety are produced and consumed in large quantities in Brazil. The advantages on consuming beans are the high content, of proteins, such as lysine, which has a complementary effect on the cereal proteins, their dietary fiber and their high content of carbohydrates, minerals and B complex vitamins (Lajolo et al., 1996) .
The storage of grains in Brazil, where it was verified that 30% of the crop was lost by lack of good storage conditions, has been included in several government programs, providing incentives for the construction of big warehouses. Grains, generally, when picked in the field, have a high moisture content. Considering storage and conditioning, it becomes essential to decrease the moisture content of grains through an efficient drying process.
Use of the spouted bed dryer for grain drying has been studied and good results in terms of final moisture as well as good quality products with homogeneous moisture content and temperature have been obtained (Lima and Rocha, 1998; Robins and Fryer, 2003; Madhiyanon et al., 2001 Madhiyanon et al., , 2002 Wiriyaumpaiwong et al., 2003; Wachiraphansakul and Devahastin, 2005) . However, energy efficiency of the process is low and attrition in the spouted bed may render it impracticable, mainly for drying grain seeds.
The choice and design of the dryer, the operating conditions and the effect of these parameters on the quality of the final product are very important characteristics to take into account in an analysis of grain drying (Sangkram and Noomhorm, 2002; Inprasit and Noomhorm, 2001) . As most grains become fragile in a moving bed and fluidized or spouted bed dryer due to their exposure to severe attrition conditions, the use of an intermittent drying process could be profitable and necessary to maintain product quality.
The drying of particulate materials can be carried out in three different regimes: batch, continuous and intermittent. Intermittence in the operating conditions is determined by a periodic stop in the air supply to the bed or in the fluid-dynamic regime. Thus, it is possible to smooth out the process by decreasing losses due to mechanical attrition (Jumah and Mujumdar, 1996) .
Keeping these considerations in mind, the aim of this work was to analyze the drying behavior and evaluate the energy efficiency of the bean-drying process in intermittent spouted/fixed bed and spouted bed/rest regimes and to compare the results with the ones obtained in a spouted bed without intermittent operation.
MATERIAL AND METHODS

Characterization of the Material
The experiments were conducted with grains of Phaseolus vulgaris L, carioca variety beans. These grains have the following characteristics: a short oblong shape, a cream colored tegument, with stripes; and an average mass of 34 grams for 150 grains.
Grain density was determined by pycnometry. Average diameter was measured with a caliper. It was defined as the equivalent volume sphere diameter. Sphericity was determined by the method proposed in Mohsenin (1978) . According to this method, the particle is assumed to be an ellipsoid and sphericity is evaluated with Equation (1). To calculate particle volume (ellipsoid volume), particle dimensions were measured with a caliper. The circumscribed sphere diameter was obtained for the particle projection. Around 100 grains were used to calculate the average values of these properties. The physical properties determined for the beans are presented in Table 1.   1/ 3 particle volume circumscribed sphere volume
Experimental System and Drying Process
The commercial grains available for use in the tests had moisture contents below the range necessary for development of the experiments. Grains were rewetted to obtain the initial grain moisture content at the values fixed in the experimental design. Beans are classified as hygroscopic material. Thus, their moisture content can be modified in an atmosphere where the partial pressure of water in the gas phase is different from that inside the grains. With this principle in mind, a rewetting system was designed and constructed in this work to alter the initial moisture content of the grains to the desired values for the drying experiments. The rewetting system was composed of four screened trays arranged vertically above a water tank. The water was electrically heated and recirculated in the tank using a small pump. A temperature controller maintained the water temperature constant. The trays could be exchanged any time. Preliminary tests were conducted to evaluate the time necessary for a fixed mass of grains to attain the desired moisture contents. The rewetting system utilized is illustrated in Figure 1 .
The drying system designed and constructed for this work as well as the bed dimensions are presented in Figure 2 . The drying system comprise a compressor (1), which supplied air to the bed of grains, which was heated by means of three resistances (2). The air temperature was controlled by an on-off controller (3). The cooler (4) was used to maintain the temperature at the required levels when the compression overheated the drying air. The cooler was made of aluminum plate and copper tubes and used water as the cooling fluid. The airflow rate was set by a valve (5) and measured with an orifice meter (6) by a differential pressure transmitter (7). The static pressure line (8) was obtained by the absolute transmitter (9).
The pressure transmitters were connected to the A/D data acquisition board (12). The distribution plate (11) was used to provide a uniform distribution of air to the bed (10). Particle samples were taken at the bed wall (15) and the solids were discharged through a small tube (14) . The data acquisition board was controlled with the software Labtech -Version 9.0, which allowed treatment of the measurements in real time.
The experiments were conducted according to two types of intermittent process: spouted/fixed bed and spouted bed/rest, which will here be called processes I and II, respectively.
In process I (spouted/fixed bed), the bed was loaded with the grains (after attaining thermal equilibrium) and put to spout under a stable spout operating condition. The air flow rate was then periodically decreased until the spout collapse and the bed of beans was maintained fixed. The air flow rate was maintained constant at the condition of fixed bed of beans for a period of time defined as the intermittence time, t i . Then, the bed was again put to spout by increasing the air flow rate to the previous value of stable spout condition, for the same period, t i . The same procedure was repeated for 240 min of total drying.
Intermittence process II (spouted bed/rest) was similar to process I, but at the intermittent time, t i , the air flow to the bed was totally interrupted. After t i minutes of interruption of the air flow to the bed, the air supply was restored under the stable spout condition. The procedure was repeated until 240 min of drying time.
To summarize, in process I the intermittence of the fluid-dynamic regime resulted in spouted bedfixed bed-spouted bed-fixed bed, while in process II the result was spouted bed-interruption of the air supply-spouted bed-interruption of the air supply.
The factorial design technique was applied to define the experiments and to allow a statistical analysis of the results (Box et al., 1978) . Eight drying runs were conducted for each intermittent process, I and II, as defined above. The values of three variables (initial moisture content of the grains, X 0 ; drying air temperature, T ar ; and intermittence time, t i ) were changed at two levels, and their effects were analyzed on the response: final moisture ratio, X f / X 0 , determined at 240 min of drying. Thirteen grain samples were collected during each drying experiment to determine the drying kinetics and the grain temperature. Part of each sample collected was put in a calorimeter where a contact thermocouple recorded the grain temperature. The moisture content of the particles was determined by the static oven method at a constant temperature of 105±3 o C until constant weight was achieved. The drying rate was numerically determined using the experimental data in the drying curves.
The drying kinetics and the grain temperature curves were compared with previous results of the same process without intermittence. The same procedure was followed to rewet the grains and conduct the previous experiments in the spouted bed without intermittence. Also, the same type of beans was used and the same producer furnished the grains. However, it is worth pointing out that the grains used in both cases were of different harvests and different years, and thus a possible variation in raw materials could have affected the comparison of the results.
The energy flux of the drying process was evaluated for the 16 experiments, based on three energy coefficients DE, DC and FC (Lima and Rocha, 1998; Pakowski and Mujumdar, 1995; Lima, 1996; Dewettinck et al., 1999) . The drying efficiency flux, DE, was defined as the energy necessary to heat up the grains and to evaporate the water in relation to the total energy supplied to the operation (Eq. 2). The drying coefficient, DC, was defined as the amount of water evaporated by the amount of energy supplied to the operation (Eq. 11). The fluiddynamic drying coefficient, FC, represents the ratio of the energy spent to vaporize the water to the mechanical energy required to pump the air (Eq. 12) and was used to compare the fluid-dynamic aspects of drying processes I and II.
The energy flux required to heat up the grain from its initial temperature to the final temperature was calculated as proposed in Strumillo and Kudra (1986) :
The specific heat of the grain was obtained by g,dry w g c c .X c 1 X The energy flux required for moisture of the evaporation was
The latent heat of evaporation was considered as that required to evaporate the free water, which in agreement with Muthu and Chattopadhyay (1993) 
The total energy flux supplied to the operation, ET, was considered to be the sum of the thermal and mechanical energies.
The thermal energy supplied to the operation was calculated as ( )
The specific heat of the air was obtained in Welty et al. (1984) .
The mechanical energy supplied to pump the air
The results of the energy analysis for the intermittent processes I and II were compared to each other and to previous results presented in Lima and Rocha (1998) and Lima (1996) for the spouted bed drying of beans without intermittence.
A statistical analysis of the results allowed verification of the effects of variables X 0 , T ar and t i on energy coefficients DE, DC and FC. Tables 2 and 3 show the experimental results for the final moisture content ratio, X f /X 0 , obtained for each operating condition and the two types of intermittent process, I and II. In these tables, the values in brackets in the column for X 0 represent rounded values (lower and higher levels) used to define the factorial design of experiments applied in this work. The experimental errors for the temperature and time measurements are ± 1 o C and ± 0.0083 min, respectively. The moisture contents were obtained by sample weighing using an analytical balance; measurement precision is of 0.0001 g. The lowest value for final moisture content of the beans obtained for process I was X f = 9.02% db, which corresponds to the operating conditions T ar = 80ºC, X 0 = 20% db and t i = 20 min, as shown in Table 2 , run 5. For process II, the lowest final moisture content obtained for the beans was 11.58% db, as can be seen in Table 3 for run 2. In this type of intermittent process, the operating conditions were T ar = 80ºC, X 0 = 20% db and t i = 40 min. For both processes, the lowest moisture content was obtained at the highest temperature, as expected. Although higher values of final moisture content were obtained for the spouted bed/rest intermittent process, both values of the lowest X f (9.02% db and 11.58% db) are in the range specified as good storage conditions for carioca beans (9.0% ≤ X f ≤ 13.0% db) (Cavalcanti Mata, 1997) . The graphics in Figure 3 show the effect of air temperature on the drying curve for process I. A significant effect of T ar was verified, especially for drying times over 40 min. These results were expected, as the temperature affected the falling rate period of the drying process the most.
RESULTS AND DISCUSSION
Drying Analysis -Intermittent Drying
It is important to point out that some experiments had drying curves showing rewetting points, due to the condensation of steam inside the bed during the intermittence period. These points occurred particularly for process II (Figures 5 and 6) , where the air supply was totally interrupted in the intermittence period. These rewetting points were shown more explicitly, mainly, in the drying experiments that operated with a high initial moisture content of the grains, of around 30% db.
The curves in Figure 4 are examples of variation in grain temperature with drying time and air temperature. A decrease in grain temperature can be observed during the intermittence periods, and high air temperature resulted in high grain temperature. A parametric analysis was also carried out for initial moisture content of the grains and intermittence time. It was observed that the drying rate increased at higher initial moisture contents due to the higher moisture gradient between the grains and the drying air (Figure 7) .
The intermittence time, as applied in this work, did not show a significant effect on the drying and grain temperature curves (the curves are practically coincident for t i 20 min and 40 min). Similar behaviors were obtained for both processes I and II.
Analysis of Figures 3, 5 and 7 allows the observation that the spouted bed/rest drying intermittence, process II, generated lower drying rates, while for process I higher drying rates were verified for the same operating conditions. It was also verified that the experiments conducted under the conditions in Figure 7 had higher rates, strongly affected by the temperature of the drying air and then by the effect of the initial moisture contents of the bean grains.
The effects of the drying operating conditions T ar , X 0 and t i on the final moisture content ratio were statistically analyzed, using the factorial design technique, for processes I and II. The same final drying time of 240 min was fixed for all the experiments.
The statistical analysis was applied to the results in Tables 2 and 3 to determine the effects of the operating conditions on the response X f /X 0 . The significance of the calculated effects on the responses is easily visualized using Pareto diagrams (Box et al., 1978) . Figures 8 and 9 show the Pareto diagrams obtained to analyze the significance of effects T ar , X 0 and t i on the final moisture ratio, X f /X 0 , for processes I and II. It can be seen that for the range of experimental conditions tested, the drying operating conditions T ar , X 0 and t i or their combined effects did not have a significant effect on the final moisture content ratio at a significance level of 95%, considering the Student's t-test, in spite of the higher values of the effects obtained for process II.
Analysis of Drying Energy
The effects of the drying operating conditions T ar , X 0 and t i on the energy coefficients and drying efficiency were statistically analyzed using the factorial design technique for processes I and II. The same drying time of 240 min was fixed for all the experiments.
The three variables, T ar , X 0 and t i , were fixed at two levels, specified for the experimental conditions shown in Tables 2 and 3. Table 4 shows the values of DE, DC and FC, obtained by applying Equations (2), (11) and (12), respectively. The calculations were done for processes I and II.
An analysis of the results presented in Table 4 shows that high values of drying efficiency, DE, were obtained for T ar = 80ºC, X 0 = 20 or 30% db and t i = 40 min, for both processes I and II. A high intermittence time (maintaining the dryer in fixed bed regime or interrupting the entrance of air) caused a decrease in the total energy supplied to the grains, while the high values of air temperature and initial grain moisture content caused an increase in the mass of moisture evaporated, thus increasing the energy drying efficiency. It can also be verified that a high value of DE was obtained at T ar = 60 ºC, X 0 = 20 or 30% db and t i = 20 min. in process II. This result indicates that the low total energy input (low air temperature and interruption of the air to the dryer) did not jeopardize the evaporation of moisture. Comparing processes I and II, the drying energy efficiency was higher for process II, under all operating conditions.
Statistical analysis was applied to the results presented in Table 4 The highest values of coefficients DC and FC were obtained for conditions in run 3: T ar = 60ºC, X 0 = 30% db and t i = 40 min. The high value of intermittence time caused a decrease in the total energy input and also resulted in a decrease in mechanical energy, thus favoring the increase in coefficients DC and FC. The results in Table 4 also show that the highest values of the coefficients were obtained in the experiments with t i = 40 min.
Figures 11 and 12 contain Pareto diagrams for responses DC and FC in process II. A statistical analysis shows the significant effect of t i on both coefficients at a significance level higher than 95%. The same result was verified for process I. The results in Table 4 and the ones presented in Figures 5  and 6 show that the intermittence applied to the spouted bed drying process had an important effect on the energy drying efficiency and coefficients, without jeopardizing the drying performance in the range of conditions applied in this work.
A Comparison of Drying PerformanceIntermittent and Continuous Drying
To compare the results obtained in this work with those for the spouted bed drying of beans (Lima and Rocha, 1998; Lima, 1996) , Table 5 and Figures 13 to 16 are presented. Figures 13 to 16 show comparisons between the drying kinetics in the fixed bed and the spouted bed with and without intermittence. It can be seen that lower grain temperatures were obtained when intermittent process II was applied, which is a satisfactory result, since lower grain temperatures are required to maintain the physical and chemical properties of the grains unchanged. The drying kinetics are almost the same for the fixed and the spouted bed and different behaviors are observed for intermittent processes I and II. Points of rewetting appear for intermittent process II (spouted bed/rest), and consequently, moisture content of the beans is higher at the same drying time for this type of intermittence.
For intermittent process I (spouted/fixed bed), the rewetting points are not so evident, but still a higher moisture content is observed at the same drying time than when the drying was conducted in the spouted and the fixed beds. The tendency to attain the same value of equilibrium moisture content is observed in all cases, indicating the viability of the intermittent processes applied.
The final moisture contents at 240 min of drying, obtained in all processes analyzed are close for the same operating conditions, especially for the spouted bed and the spouted/fixed bed (process I). All values obtained for X f are in the range defined as good conditions for carioca beans storage.
A comparison of the drying energy efficiencies and coefficients is shown in Table 5 and had the following order: spouted bed/rest > spouted/fixed bed > spouted bed, thus supporting the choice of the intermittent spouted bed/rest process to obtain low energy consumption or high energy efficiency.
The values obtained for energy efficiencies and coefficients are close to the values found for industrial continuous convective dryers (Raghavan et al., 2004) and convective recycled paper drying (Vieira et al., 2005) . 
CONCLUSIONS
The experimental results obtained in this work for the drying of beans in a spouted bed under intermittent conditions led to the following conclusions:
The results of the statistical analysis of the drying kinetics showed that the intermittence period, air temperature and initial grain moisture content did not have significant effects on the final moisture ratio at a significance level of 95% (Student's t-test) , in the range of conditions applied in this work.
At 240 min of drying, the final moisture contents of the grains, obtained by intermittent drying were in the range considered as good storage conditions for the beans.
Lower bean temperatures were obtained for the two types of intermittent drying process applied than for the fixed bed and the spouted bed processes under continuous and constant hot air supply.
The drying curves for the intermittent processes tested show the same behavior (falling rate period) as the ones obtained with the spouted and the fixed bed without intermittence. However, rewetting of the grains was observed during the intermittent drying, mostly for the spouted bed/rest process. Thus, a too long period of intermittence can jeopardize the drying, causing the final moisture content of the
